Identification of drug metabolites can often yield important information regarding clearance mechanism, pharmacologic activity, or toxicity for drug candidate molecules. Additionally, the identification of metabolites can provide beneficial structure-activity insight to help guide lead optimization efforts towards molecules with optimal metabolic profiles. There are challenges associated with detecting and identifying metabolites in the presence of complex biological matrices, and new LC-MS technologies have been developed to meet these challenges. In this report, we describe the development of an experimental approach that applies unique features of the hybrid linear ion trap Orbitrap mass spectrometer to streamline in vitro and in vivo metabolite identification experiments. The approach, referred to as MS M , utilizes multiple collision cells, dissociation methods, mass analyzers, and detectors. With multiple scan types and different dissociation modes built into one experimental method, along with flexible postacquisition analysis options, the MS M workflow offers an attractive option to fast and reliable identification of metabolites in different kinds of in vitro and in vivo samples. The MS M workflow was successfully applied to metabolite identification analysis of verapamil in both in vitro rat hepatocyte incubations and in vivo rat bile samples.
Introduction
T he characterization of metabolites is a vital activity at various stages of drug discovery and development. In early discovery, metabolite identification leads to the determination of labile sites on candidate molecules, and this information helps guide medicinal chemists in structural optimization with improved pharmacokinetic properties. Additionally, early biotransformation studies can reveal bioactivation to relevant reactive intermediates, whose formation should be minimized because of potential safety concerns. During preclinical development, an understanding of the in vivo metabolic profile of a compound is essential since metabolites can contribute to pharmacologic action or have toxicological consequences. Investigation of the metabolic fate of candidates in various preclinical species and in human in vitro models can guide selection of appropriate animal species for toxicology studies. The goals of these studies include demonstrating that metabolites formed in humans are also present in animals chosen to perform safety assessment, and to identify metabolites with potential toxicity concerns [1] [2] [3] [4] [5] .
Liquid chromatography triple quadrupole tandem mass spectrometry (LC-MS/MS) is the established analytical method of choice for metabolite identification due to its selectivity and sensitivity. With minimal preanalysis sample cleanup, complex mixtures can be chromatographically separated and characterized by full scan MS and product ion scan MS/MS. Ion trap mass spectrometry is another established technology for metabolite identification due to its unique features, including data-dependent MS n capability as well as better sensitivity and speed for full scan MS and MS n relative to triple quadrupole tandem mass spectrometry. Supplementing low-resolution MS with accurate mass measurement in metabolite identification strategies can provide valuable information in distinguishing isobaric molecular ions, eliminating matrix interference, and providing unequivocal proof of correct fragmentation patterns, resulting in increased confidence in structural assignments.
Combining Orbitrap with linear ion trap technologies enables rapid, sensitive, reliable detection and identification of small molecules with high resolution and mass accuracy [6] [7] [8] . The hybrid linear ion trap Orbitrap mass spectrometer combines the ion trapping capacity and MS n scanning capability of the linear ion trap with accurate mass measurements of the Orbitrap. It has been used to identify 58 metabolites of carvedilol, using data-dependent scanning triggered by an accurate mass parent list [9] . The approach utilized chemical formulas from high resolution accurate mass measurements to confirm the structures of product ions of the parent compound, and was subsequently used as a template for metabolite identification. Peterman and co-workers used this technology to obtain accurate mass full scan MS and MS/MS in a data-dependent fashion to eliminate the reliance on a parent mass list [10] . Such data from a single LC-MS experimental run enabled the characterization of the biotransformation profile of nefazodone. Combining a mass defect filter (MDF) with the hybrid linear ion trap Orbitrap mass spectrometry has also been successfully demonstrated for metabolite identification [11] [12] [13] . Another metabolite identification approach was evaluated using the hybrid system along with multiple postacquisition data processing techniques, including mass defect filtering, extracted-ion chromatogram, product-ion filter, and neutral loss filter techniques [14] .
The introduction of higher energy collision-induced dissociation (HCD) to the hybrid linear ion trap Orbitrap mass spectrometer allows generation of typical triple quadrupole-like fragmentation patterns with high efficiency and spectra quality [15] [16] [17] . This capability adds to existing ion trap-based fragmentation methods, like collision induced dissociation (CID) [18] and pulse Q dissociation (PQD) [19] . Unlike the ion trap-based CID method that generally has a low mass cut off at approximately one-third of the precursor mass, HCD experiments offer MS/MS spectra with a full range of fragment ions regardless of the m/z value of the precursor ion.
In this paper, we describe a novel experimental design for the hybrid linear ion trap-Orbitrap mass spectrometer, which extends its metabolite identification capabilities. Key features include a wide isolation width of up to 600m/z values in the linear ion trap, and the employment of HCD excitation on this range of precursor ions prior to Orbitrap scanning. The experimental design allowed for the acquisition of a large and diverse amount of mass spectral information in a single run, including multiple data-dependent MS 2 scans with both the ion trap and Orbitrap, as well as full MS and wide range accurate mass determinations. The workflow was developed for both in vitro soft spot analysis and in vivo definitive metabolite profiling. Using verapamil as a model compound, the potential of the workflow was demonstrated through analysis of rat hepatocyte incubations and rat bile samples.
Experimental

Materials
HPLC grade acetonitrile, methanol, and water were purchased from Burdick and Jackson (Morristown, NJ, USA). Verapamil, NADPH, and reagent grade formic acid were obtained from Sigma-Aldrich (St. Louis, MO, USA). Cryopreserved rat hepatocytes were purchased from Celsis (Baltimore, MD, USA).
In Vitro Rat Hepatocyte Incubations with Verapamil
Cryopreserved rat hepatocytes were used for incubation at 1 million cells/mL. Verapamil was incubated at final concentrations of 1 μM at 37°C in an incubator filled with carbogen (95/5% O 2 /CO 2 ) for up to 4 h. The samples were quenched with three volumes of acetonitrile containing 3% of formic acid. After 15 min centrifugation at~2200×g, the supernatants were dried down and reconstituted with 2:1 H 2 O:MeOH for LC-MS analysis.
In Vivo Rat Bile Duct Cannulated Study of Verapamil
Verapamil was administered by intravenous bolus injection to male Sprague-Dawley rats (n=3) at a dose of 1.0 mg/kg. Bile was collected via an implanted cannula over 24 h. Bile samples were prepared for LC-MS analysis by quenching with two volumes of acetonitrile containing 3% of formic acid. Following centrifugation at~1500×g for 15 min, the clarified supernatants were transferred into 2 mL glass autosampler vials for LC-MS analysis.
and a LEAP HTS autosampler were connected in line with the mass spectrometer.
Liquid chromatographic separation was achieved with a Thermo Scientific Hypersil Gold column (1.9 μm, 2.0× 100 mm, Thermo Fisher Scientific, Waltham, MA, USA) using a binary gradient of 0.1% formic acid aqueous solution (mobile phase A) and 0.1% formic acid in acetonitrile (mobile phase B). In a typical run, mobile phase B was initially held at 5% for 2 min, then increased linearly to 40% over 17 min. The solvent composition was then increased linearly to 100% of mobile phase B over 1.5 min, and was held for an additional 2 min. Subsequently, the mobile phase was returned to the initial conditions for 2.5 min. The LC flow rate was set at 400 μL/min, with 100% of the flow directed into the mass spectrometer. A typical sample injection volume was 20 μL.
Instrument settings included a capillary temperature of 300°C, source heater temperature at 300°C, sheath gas flow at 42 arbitrary units, aux gas flow at 5 arbitrary units, sweep gas flow at 1 arbitrary unit, and the ion source voltage at 5000 V. An established generic tune setting was used for all experiments with an S-lens RF level at 68%, exit lens offset at 0, multiple rf at 400, multiple 00 offset at -4.25, lens 0 voltage at -4.50, multiple 0 offset at -5.00, lens 1 voltage at -23, gate lens offset at -66, multiple 1 offset at -8, and front lens at -6.75 V.
For the MS M experiment, the scan cycle started with a full scan mass spectrum (MS) at a resolving power of 30,000 (at m/z 400) using the Orbitrap (Figure 1 ). Based on pre-scan information from the full scan MS, a parallel data-dependent CID MS 2 scan using the linear ion trap was performed on the most intense precursor ion. The third scan event was a data-dependent CID MS 3 scan using the linear ion trap on the most intense product ion from the previous MS 2 scan event. In the global data-dependent setting, both the "FT master scan preview" and "predict ion injection time" options were enabled to reduce the overall cycle time. The precursor ion mass width was set at ±10 ppm. The dynamic exclusion feature was also enabled with a repeat count of 1 and repeat duration of 15 s. For the CID MS n scans, the minimal signal threshold was set at 5000 ion counts, and the normalized collision energy was set to 40 arbitrary units. The stepped collision energy feature was enabled with a collision energy width of 10 arbitrary units and number of collision energy steps of 3. A precursor ion list that was populated with predicted metabolites of verapamil was imported into the data-dependent MS n scan setting to allow automatic selection of precursor ions of interest. The second part of the scan cycle began with a wide isolation width (m/z 250-850) MS 2 scan using the higher energy collision-induced dissociation cell (HCD) and Orbitrap mass analysis (resolving power was 30,000 at m/z 400). Two additional linear ion trap data-dependent scans (MS 2 
and MS
3 ) on the second most intense ions from the prescan event were performed in parallel. The last part of the scan cycle consisted of two data-dependent HCD MS 2 scans at a resolving power of 15,000 (at m/z 400) on the same top two precursor ions. The microscan count for both linear ion trap and Orbitrap scans were set to 1, with maximum ion injection time at 20, 50, and 50 ms for linear ion trap MS n scan, Orbitrap full scan MS, and MS n scan, respectively.
Data Analysis
MS M data analysis was facilitated by Xcalibur 2.1 and Metworks 1.3 from Thermo Scientific (San Jose, CA, USA).
Results and Discussion
Wide Isolation Width HCD MS 2 Experiment on Hybrid Linear Ion Trap Orbitrap Mass Spectrometer
The key differentiating instrumental settings of the new experimental method versus a classic MS 2 method are the wide isolation width utilized in the linear ion trap, as well as the subsequent HCD excitation and Orbitrap scanning of the resultant wide range of ions ( Figure 2 ). The steps of a classic MS 2 experiment using the HCD cell first involve ion trapping and precursor ion isolation in the linear ion trap. The precursor ions rapidly pass through the c-trap into the HCD collision cell for ion dissociation. All fragment ions are then transmitted to the Orbitrap for high resolution mass analysis after an intermediate step of c-trap trapping and ion cooling. In such a classic MS 2 experiment, the isolation width of the precursor ion is normally in the range of 0.75-2 m/z. However, with improvements on the hybrid linear ion trap Orbitrap instrumental control software, the isolation width of precursor ion can be increased up to a value of 600 m/z without significant loss of ion trapping efficiency. This is demonstrated by the comparable signal intensities observed between the high resolution full scan MS and the high resolution wide isolation width HCD MS 2 scan with a Figure 1 . Experimental design of MS M mass spectrometer method using hybrid linear ion trap Orbitrap mass spectrometer zero collision energy (Figure 3a and b) . Optimization of two key HCD parameters, the center mass for the precursor ion isolation and the HCD collision energy, generates reproducible and comprehensive fragmentation for all precursor ions isolated in the targeted range ( Figure 3c ). Figure 3d and e demonstrate the differences between the wide isolation width HCD MS 2 and in-source CID data using the same hybrid linear ion trap Orbitrap platform. While major fragments remain the same, the wide isolation width HCD MS 2 spectrum exhibits higher fragmentation efficiency as 
MS M Workflow
With incorporation of the optimized wide isolation width HCD MS 2 scan, the general MS M experiment method consisting of eight scan events was designed as was briefly described in the Experimental Section (Figure 1) . By taking advantage of the hybrid design of the linear ion trap Orbitrap mass spectrometer, high resolution full scan MS and wide isolation width HCD MS 2 scan events can be achieved in a parallel fashion with four data-dependent MS n scans in the linear ion trap. To achieve this, the preview data of the high resolution full scan MS enables early selection of the top two most intense precursor ions. After these scan events, the method also incorporated two additional data-dependent high resolution HCD MS 2 scans of the same top two precursor ions. The overall cycle time in such an experimental method is largely determined by the four high resolution Orbitrap scans. The data-dependent MS n scans, which are performed in parallel in the linear ion trap, have minimal impact on the total cycle time. One concern in conducting multiple high resolution Orbitrap scans in parallel with several data-dependent MS n scans is collection of sufficient data points across a typical chromatographic peak of 10-14 s. Typically, at least 4-6 data points are needed to allow reliable construction of chromatographic peaks for analytes of interest. To achieve sufficient cycle time of 2-3 s, several key instrument settings were optimized. The maximum ion injection time, number of micro scans per scan event, and automatic gain control (AGC) ion target settings were adjusted to achieve a reasonable balance between scan speed and spectrum quality. The cycle time was approximately 2.7 s with injection amount of 2.0×10 -8 or 2.0×10 -5 μmol on column of verapamil (Figure 4a and b) covering concentrations over three orders of magnitude. This data suggests that the optimized instrument settings yield a minimum of five to seven cycles per typical chromatographic peak with peak width in the range of 10-14 s. Figure 4f , a signature product ion of verapamil of m/z 165.0909 was also observed in the wide isolation width HCD MS 2 scan with a mass accuracy of 0.6 ppm. Although the first set of data-dependent MS n spectra (Figure 4d , e, and i) was generated on an abundant background ion at m/z 255.9439, good quality spectra were still collected on Upon the optimization of the MS M experimental method, a workflow was designed for typical in vitro and in vivo metabolite identification experiments ( Figure 5) . A given in vitro or in vivo sample is analyzed on the hybrid linear ion trap Orbitrap mass spectrometer using the generic MS M experiment method. Using the information-rich data set, the subsequent step in the design is a search for all metabolites of interest through chromatographic analysis using different accurate mass-based filters. The predictive accurate mass precursor ion filter (pAMPF) can be applied to the high resolution full scan MS data to confirm existence of expected metabolites if there is prior knowledge of the general metabolic pathways of the drug candidate of interest. The multiple mass defect filter (MMDF) is another accurate mass filter that can help elucidate potential components related to the parent compound. Applications of accurate mass product ion filters (AMPIF) to the wide isolation width HCD MS 2 data facilitate the search for metabolites, especially for unexpected products. The m/z values of precursor ions of identified components can be obtained through analysis of adjacent high resolution full scan MS data. Another complementary approach for detection of metabolites of interest is the application of an accurate mass neutral loss filter (AMNLF) on the high resolution full scan MS and wide isolation width HCD MS 2 data collected in the same experiment. Following completion of metabolite detection utilizing these accurate mass filters on the high , and MS 3 spectra assists in the structural elucidation of all identified metabolites. Data-dependent MS n scans can sometimes fail to be triggered on some components of interest, including unexpected species not included in the precursor ion list, low abundance species that co-elute with abundant metabolites, or those obscured under higher intensity background ions with close m/z values. A second targeted MS n experiment is warranted for more definitive structural confirmation of these particular metabolites.
Application of MS M Workflow for In Vitro Metabolite Identification in Verapamil Rat Hepatocyte Samples
Samples from verapamil incubations with rat hepatocytes were analyzed using the MS M experimental method and the hybrid linear ion trap Orbitrap mass spectrometer. Compared with the full mass high resolution scan (Figure 6a ), the application of the predicted accurate mass precursor ion filter (pAMPF) with 3 ppm mass accuracy tolerance resulted in a significantly cleaner extracted ion chromatogram (XIC) (Figure 6b ). Based on structural features of verapamil and knowledge of general metabolic pathways [20] [21] [22] [23] , 50 parent ions were included for the pAMPF filtering process, including multiple phase I and II biotransformation pathways. Given the high mass accuracy setting and stable instrument performance, all components identified in the XIC trace (Figure 6b ), including those with relatively low ion intensity, are putative metabolites of verapamil [24] [25] [26] [27] [28] . While application of pAMPF filters to the high resolution full scan MS spectra offered a reliable and efficient way of identifying possible metabolites, the quality of the results is dependent on an accurate and comprehensive prediction of metabolic pathways. The search does not detect unusual metabolites generated through less common metabolic pathways since parent ion masses of these components are not included in the precursor ion list.
However, the wide isolation width HCD MS 2 scan (Figure 6c ) contains fragment ions of all precursor ions that were isolated in the mass range of m/z 250-850. Application of the accurate mass product ion filter (AMPIF) offered a new means of metabolite fishing without a precursor ion list as all components that generate a targeted product ion will be detected. As an example, an extracted ion chromatogram of m/z 165.0910 (Figure 6d ), a signature product ion of verapamil, revealed a number of components with significantly different relative abundances based on the observed signal response. Since all metabolites detected share the same product ion, and therefore the same substructure, at m/z 165.0910, it is reasonable to assume that metabolites that are formed by modifications on this substructure were not detected. As an interesting comparison, a different metabolite profile of verapamil was revealed in the extracted ion chromatogram generated with a product ion of m/z 151.0754, mono-demethylation analog of product ion of m/z 165.0910 (Figure 6e ). With the use of such AMPIF analysis and the data from an adjacent high resolution full MS scan, the masses of corresponding precursor ions associated with these characteristic product ions can be confirmed. Furthermore, the different metabolite profiles observed in Figure 6d and e suggest that the proper selection of the signature product ion is a critical step to efficient metabolite detection using AMPIF filter.
Application of MS M Workflow for In Vivo Metabolite Identification in Verapamil Rat Bile Samples
Bile samples from verapamil-treated rats were analyzed using the MS M experimental method, including a predicted precursor ion list incorporated into the data-dependent scan settings. Even with a more complex matrix (i.e., whole bile, Figure 7a ), accurate mass-based filters were applied successfully to both high resolution full scan MS spectra and wide isolation width HCD MS 2 data to facilitate accurate and efficient identification of in vivo verapamil metabolites. For example, an accurate mass precursor ion filter of m/z 589.2754 was applied to the high resolution full scan MS data to identify all possible tridesmethylated glucuronides in rat bile (Figure 7b ). With a mass accuracy tolerance of ±3 ppm, two related glucuronides were identified readily from the complex bile matrix, even though base peak ion intensities of both glucuronides were approximately 50-to 100-fold less than co-eluting background ions (Figure 7a ). The high resolution full scan MS spectrum of the sample is shown in Figure 8a , where m/z 589.2753 is buried in a cluster of interference ions endogenous to bile. Without a pre-populated precursor ion list, such a high level of noise would pose a significant challenge to the collection of useful data-dependent MS n information in the same experiment. At the mass accuracy tolerance of ±10 ppm, a precursor ion list allowed generation of good quality datadependent HCD MS 2 data (Figure 8b ), as well as CID MS 2 and MS 3 data collected with the linear ion trap. Structural elucidation of the glucuronide was achieved by analysis of the fragments from the major product ions detected in the high resolution HCD MS 2 scan (Figure 8b 
Conclusions
A workflow termed MS M was developed which incorporates wide isolation width HCD MS 2 scans. The data from the wide isolation width HCD MS 2 scans provided additional search options that were not previously available, such as AMPIF and AMNLF. Unlike similar search functions based on data-dependent MS 2 scans [14] , the current approach is based on the wide isolation width HCD MS 2 scan collected through a data-independent acquisition, which is conceptually similar to classic product ion and neutral loss scan modes on a triple-quadrupole mass spectrometer. While the triple quadrupole-based product ion and neutral loss scan modes offer impressive selectivity and sensitivity, such analysis often requires multiple experiments. The postacquisition approaches used in the presented workflow allows comparable searches using different specified neutral loss and product ions masses with high resolution accurate mass data from a single injection. The combination of high resolution mass analysis, independent of the parent compound, along with multiple post-acquisition accurate massbased filters provided a powerful, yet flexible solution to accommodate different sample types and different user preferences. By utilizing the data-dependent scan functions and a pre-built accurate mass precursor ion list for all predicted metabolites, meaningful MS n data of metabolites of interest could be efficiently obtained within the same LC-MS run. The method was particularly useful for samples in complex and analytically challenging matrices such as bile.
Overall, with multiple scan types built into one experiment method, along with flexible post-acquisition data analysis options, the MS M workflow offered a unique way to achieve fast and reliable identification of common and uncommon metabolites in different kinds of in vitro and in vivo samples. The performance of this workflow could be further enhanced with more streamlined data analysis software and the next generation hybrid linear ion trap Orbitrap mass spectrometer, which has even faster scan rates.
